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Research

Household use of solid fuels is globally the 
most widespread source of indoor air pollu-
tion; solid fuels are widely used for cooking 
and home heating in developing countries. 
In Mexico, about 27 million people, mostly 
concentrated in rural indigenous communi-
ties, depend on biomass burning, particu-
larly wood, for cooking and heating using 
traditional open fires. Compared with men, 
women and young children are affected to 
a greater extent because they spend more 
time in the kitchen or near the fire in the 
home (Masera et al. 2005). Exposure to bio-
mass fuel combustion products, especially 
to wood smoke, has been associated with 
numerous adverse health outcomes, resulting 
in increased global mortality and burden of 
disease (Bruce et al. 2006; Naeher et al. 2007; 
Perez-Padilla et al. 2010; Torres-Duque et al. 
2008). The International Agency for Research 
on Cancer (IARC) classified indoor emissions 
from household combustion of biomass fuel 
(mainly wood) as a probable carcinogen to 
humans (group 2A) on the basis of limited 
evidence in humans and experimental ani-
mals but strong evidence of mutagenicity due 
to the presence of polycyclic aromatic hydro-
carbons (PAHs) (Straif et al. 2006). However, 

although PAHs have been recognized as 
important health-damaging biomass smoke 
pollutants, information about  exposure levels 
is scarce.

Biomass fuels burned on open fires or tra-
ditional stoves emit a complex mixture con-
taining thousands of chemicals present in the 
gaseous and/or particle phase of the smoke. 
Fine particulate matter (PM) [≤ 2.5 μm in 
aerodynamic diameter (PM2.5)] is considered 
the best predictor of adverse health impacts 
associated with biomass smoke exposures 
(Naeher et al. 2007), but carbon monoxide 
(CO), an abundant gaseous health-damaging 
pollutant, is easier to measure. PM and CO 
are the pollutants that have been most fre-
quently quantified as indicators of personal 
exposure to indoor air pollution (Smith et al. 
2010). However, there is little information 
on how representative these indicator pol-
lutants are of other health-damaging con-
stituents of the smoke, for example, PAHs 
(Torres-Duque et al. 2008). Active PM or 
CO monitors are effective for accessing per-
sonal exposures, but they are expensive and 
difficult to implement on a large scale. Color 
stain diffusion tubes, originally designed for 
industrial hygiene applications, have been 

suggested as an easy, less expensive, and suit-
able alternative for large-scale use to assess 
personal CO exposures (Naeher et al. 2001; 
Smith et al. 2010).

An approach to reduce exposure mis-
classifi ca tion is biomonitoring. Levels of 
biomarkers represent the absorbed dose 
of a chemical, integrated across all micro-
environments and routes of exposure. Some 
biomarkers of exposure have been evaluated 
as metrics of biomass smoke exposures, for 
example, carboxy hemoglobin, exhaled CO, 
urinary methoxy phenol metabolites (Clark 
et al. 2007), and urinary PAH metabo lites 
(Simpson and Naeher 2010; Torres-Dosal 
et al. 2008).

PAHs constitute a class of compounds 
composed of fused benzenoid rings and, like 
other pollutants from biomass combustion, 
are formed by the incomplete combustion 
of organic material. Low-molecular-weight 
two- and three-ring PAHs are mainly in the 
gas phase; four-ringed PAHs are in both 
gas and particle phase; and high-molecular-
weight five- and six-ringed PAHs are mainly 
associated with particles (Bostrom et al. 
2002). Urinary mono hydroxylated PAHs 
(OH-PAHs) have been used as bio markers 
to assess recent exposure to PAHs, with 
1-hydroxypyrene (1-PYR) the most com-
monly used biomarker. Concentrations of 
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Background: Cooking with biomass fuels on open fires results in exposure to health-damaging 
pollutants such as carbon monoxide (CO), polycyclic aromatic hydrocarbons (PAHs), and particu-
late matter. 

oBjective: We compared CO exposures and urinary PAH biomarkers pre- and post intervention 
with an improved biomass stove, the Patsari stove. 

Methods: In a sub sample of 63 women participating in a randomized controlled trial in central 
Mexico, we meas ured personal CO exposure for 8 hr during the day using continuous monitors and 
passive samplers. In addition, first-morning urine samples obtained the next day were analyzed for 
mono hydroxylated PAH metabolites by gas chromatography/isotope dilution/high-resolution mass 
spectrometry. Exposure data were collected during the use of an open fire (pre intervention) and after 
installation of the improved stove (post intervention) for 47 women, enabling paired comparisons. 

results: Median pre- and post intervention values were 4 and 1 ppm for continuous personal CO 
and 3 and 1 ppm for passive sampler CO, respectively. Postintervention measure ments indicated an 
average reduction of 42% for hydroxylated metabolites of naphthalene, fluorene, phenan threne, and 
pyrene on a whole-weight concentration basis (micrograms per liter of urine), and a 34% reduction 
on a creatinine-adjusted basis (micrograms per gram of creatinine). Pre- and post intervention geo-
metric mean values for 1-hydroxypyrene were 3.2 and 2.0 μg/g creatinine, respectively. 

conclusion: Use of the Patsari stove significantly reduced CO and PAH exposures in women. 
However, levels of many PAH biomarkers remained higher than those reported among smokers.
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these metabolites reflect exposure to PAHs 
within the previous few days. The half-life for 
urinary 1-PYR in humans has been reported 
to be in the range of 4.4–35 hr (Li et al. 
2009). Information on half-lives of the other 
OH-PAHs is scarce; however, because these 
are the same group of metabolites formed 
under similar biological pathways, we can 
assume that other OH-PAHs would have 
simi lar half-lives. For non occupationally 
exposed populations, diet, ambient air, 
tobacco smoke, and coal-tar–containing 
medications are the main sources of PAH 
exposures [Centers for Disease Control and 
Prevention (CDC) 2005; Naeher et al. 2007; 
Torres-Duque et al. 2008]. The application of 
biomarkers in large population studies is lim-
ited due to the resources needed for biomoni-
toring assays and because of issues derived 
from following adequate protocols for obtain-
ing and handling biological samples limit. 

One approach to reduce the health burden 
related to biomass fuel use has been the provi-
sion of improved wood-burning stoves. The 
Patsari stove is an efficient multi pot wood-
burning cooking stove developed with a par-
ticipatory approach to meet cooking needs, 
which has been disseminated in rural Mexico. 
This stove is built in place using a mold and 
locally available materials; the stove includes a 
big flat pan or comal, two secondary pots, and 
a chimney to lead the smoke to the outside. 
The size and inner dimensions of the stove 
were optimized for a more efficient combus-
tion (Masera et al. 2007). The Patsari stove, 
compared with open fire, reduces median 
PM2.5 concentrations by 71% near the stove 
and 58% in the kitchen (Zuk et al. 2007) 
and reduces mean greenhouse gases emissions 
by 74% (Johnson et al. 2008) and mean fuel 
consumption by 56% (Berrueta et al. 2007).

The aim of this study was to evaluate rural 
women’s exposure to CO and PAHs before 
and after installation of Patsari stoves. The 
study was performed using a small sub sample 
because active personal exposure CO moni-
tors and biomonitoring are costly and labor 
intensive, which limits their use for large-scale 
open population studies. An additional objec-
tive was to explore whether color-stain dif-
fusion CO tubes could be used as a proxy 
measure of exposures to biomass burning 
pollutant emissions, such as PAHs, in future 
large-scale studies.

Materials and Methods
Study subjects and design. The main project, 
titled “Improved Biomass Stove Intervention 
in Rural Mexico: Impact on the Respiratory 
Health of Women” (Romieu et al. 2009), a 
randomized controlled trial, was conducted 
during 2005 and 2006 in six communities 
in the Purepecha region in the highlands of 
Michoacán in central Mexico. Households 

that included a child < 5 years of age and used 
open wood fires for cooking (inclusion crite-
ria) were identified by a survey. Households 
that agreed to participate (n = 668) were ran-
domly selected by lottery drawing within each 
community to receive the Patsari wood cook 
stove at the beginning (intervention group) 
or at the end of follow-up (control group). A 
general-purpose questionnaire was adminis-
tered at baseline, and the households were 
followed with monthly visits over a 10-month 
period (Romieu et al. 2009). 

For the exposure biomarker evalua tion 
study, which was performed during June–July 
2005 and March–May 2006, we selected a 
sub sample of 63 women from the Tanaco 
community (43 from the intervention and 
20 from the control group). Tanaco is located 
at 2,140 m above sea level, and the average 
ambient temperature is 19°C (range, 8–32°C), 
with 48% relative humidity (range, 28–71%). 
There were no statistically significant differ-
ences between the women in the interven-
tion and control groups. The participants 
received detailed information on the study 
requirements and provided written informed 
consent. The protocol was approved by the 
Bioethical and Biosecurity Committees of the 
Instituto Nacional de Salud Pública.

The exposure biomarker evaluation 
study was divided into three stages. In the 
pre intervention stage, personal CO expo-
sures were meas ured during the day while the 
women used a traditional open fire, and the 
first morning urine sample was obtained the 
next day to assess PAH biomarkers. During 
the intervention stage, a Patsari stove was 
installed in each participant’s home. During 
the post intervention stage, which took place 
10 months after the Patsari stove was installed 
for the intervention group and 1 month after 
installation for the control group, CO and 
PAH measurements were repeated. Pre- and 
post intervention stages occurred in a simi-
lar season during the warmer months in this 
region. Information obtained during the 
follow-up visits for the main study indicated 
that some households did not fully adhere to 
the intervention (use of the Patsari stove) but 
continued using the open wood fire; these 
subjects were excluded in the post intervention 
stage of this study, leaving a total of 47 women 
(30 intervention and 17 controls) with com-
plete pre- and post intervention data.

CO exposure assessment. We estimated 
personal CO exposures based on real-time 
measurements (continuous moni tor) and 
cumulative samples (with diffusion tubes). 
We used continuous data-logging electro-
chemical CO monitors (Draeger Pac™III), 
with Draeger XS R CO sensors and a model 
D3T filter as supplied by the manufacturer 
(Draeger Safety Inc., Pittsburgh, PA, USA). 
The monitor was programmed to record 

CO in parts per million at 1-min intervals 
throughout the workday and was previ-
ously calibrated using CO concentrations of 
50 ppm. We also used CO color-stain pas-
sive-diffusion tubes, with a detection range of 
0–400 ppm-hr (CO Dositube; Gastec Inc., 
Kanagawa, Japan). The Draeger monitor and 
the passive diffusion tubes were attached to 
the clothing in the chest area of the women 
in the morning, before they started their 
daily activities in the kitchen. The average 
sampling time was 8 hr (range, 6–9.5 hr) 
for both stages. After the sampling time, the 
tubes were removed, capped, and read imme-
diately by three different field technicians. 
Field technicians were trained to read the 
tubes using a standardized protocol, because 
reading has been reported to be the greatest 
source of error of this method (Harper 2001). 
The length of the stain in millimeters (range, 
5–32 mm) was measured by each technician 
and converted to a cumulative exposure (parts 
per million-hour) according to a non linear 
calibration curve (y = 0.522x1.7209), as done 
in a similar study in Guatemala (Smith et al. 
2010). The average CO concentration from 
the three readings was divided by the sam-
pling time to determine the passive sampler 
CO concentration (parts per million-hour). 
In addition, field technicians used a time–
activity questionnaire to record the activities 
of the women outside and inside the kitchen 
at 15-min intervals during sampling.

Urine collection, PAH analysis, and expo-
sure questionnaire. Containers were provided 
to the women to collect first morning urine 
samples, and they were instructed on sample 
collection procedures. Field workers visited 
each home to retrieve the urine samples and 
conduct a brief interview to obtain informa-
tion about medication, tobacco smoke expo-
sure, and cooking practices on the previous 
day. A food intake questionnaire was also 
adminis tered that included questions about 
smoked and grilled meals (fish or meat) and 
coffee consumed during the previous day.

Urine samples (~ 100 mL) were refrig-
erated at 4°C during transportation to the 
field office (4–6 hr) and were then frozen at 
–70°C. These samples remained frozen at 
the Instituto Nacional de Salud Pública until 
they were sent to the CDC for analysis. Urine 
samples were analyzed for OH-PAH metabo-
lites (Li et al. 2006). The measure ments of 
urinary PAH metabolites were subjected to 
a series of quality control and quality assur-
ance checks as described by Li et al. (2006). 
Creatinine concentrations were determined at 
the CDC by an enzymatic in vitro assay, using 
clinical chemistry analyzers (Creatinine Plus; 
Roche Diagnostics, Indianapolis, IN, USA). 
Metabolites were reported as fresh-weight 
concentrations (micrograms per liter of urine) 
and as creatinine-adjusted concentrations 
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(micrograms per gram of creatinine) to cor-
rect for urine concentration/dilution in spot 
samples (Barr et al. 2005).

Statistical analyses. We calculated geo-
metric means (GMs) and percentiles for the 
biomarker levels and personal exposure meas-
ure ments. To compare the subjects included 
and excluded from the analysis, we per-
formed non parametric tests on the equality of  
medians. Paired comparisons of pre- and post-
intervention results were performed using the 
Wilcoxon matched-pairs signed-rank test for 
continuous variables, and the McNemar chi-
square test for categorical variables. Spearman 
rank correlation coefficients between urinary 
PAH biomarkers and CO personal expo-
sure measure ments were estimated. We con-
structed scatter plots displaying the locally 
weighted regression (lowess) of the PAH 
metabolites on the CO measurements. A sig-
nificance level of 0.05 was specified. Analyses 
were conducted using Stata software, version 
9.2 (StataCorp, College Station, TX, USA).

Results
Women from intervention and control groups 
had similar characteristics (Table 1). Their 
median age was 28 years (range, 18–44 years). 
Usually, families ate in the same area where 
the women cooked (89%), and kitchen areas 
were physically separated from the rest of the 
house (98%). Almost all kitchens had a cor-
rugated metal roof (96%), and > 50% of the 
kitchens had dirt floors (66%; Table 1). Post-
intervention samples were available for paired 
comparison from 47 women (75% of the total 
sample: 30 intervention and 17 controls). 
The 16 women we excluded from the post-
intervention stage because of non compliance 
(25% of the total sample: 13 intervention 
and 3 controls had age and education charac-
teristics similar to those who completed 
the study but were more likely to live in a 
crowded household and spent more time 
close to the stove (data not shown). We found 
no signifi cant differences in pre intervention 
CO and PAHs exposures for these 16 women 
compared with the 47 subjects that completed 
the study.

Cooking practices and other variables.  
On average, the women spent 4.5 hr in 
the kitchen during the pre intervention 
stage (open fire) and 5 hr during the post-
intervention stage (Patsari stove). The time 
spent for the different cooking tasks using an 
open fire (presented for the pre intervention 
stage in Table 1) was similar to that in the 
post intervention stage for using the new 
Patsari stove (data not shown). We also col-
lected information on other potential expo-
sure sources to PAHs. Only one woman 
had a family member who smoked, and she 
reported being exposed to the second-hand 
smoke for < 1 hr/day. About one-third of the 

women drank coffee, but < 5% ate smoked or 
grilled foods (e.g., meat and fish) during the 
previous day. We found no significant differ-
ences before and after the intervention with 
respect to consumption of these foods. We 
developed linear regression models to estimate 
the effect of food intake variables on PAH 
biomarkers but found no significant associa-
tions (data not shown).

Personal CO exposure measurements. 
Personal exposure to CO was meas ured using 
continuous monitors and diffusion tubes 
(Table 2). The coefficient of variation of 
three readings of the tubes was 150% for pre-
intervention and 100% for post intervention 

measurements. Continuous CO measure-
ments were available for all participating 
women (n = 47), but valid CO passive sam-
ples were available for only 30 women.

For continuous data, we estimated aver-
age and maximum values for each sample. 
Summary statistics were then calculated for 
all samples. After the installation of the Patsari 
stoves, personal CO exposures using contin-
uous monitors showed a 75% reduction in 
average median values and a 28% reduction 
in average maximum values. The inter vention 
appeared to have a greater effect on the lower 
end of the exposure distribution (100% reduc-
tions at the 5th and 25th percentiles) than on 

Table 1. Characteristics of participating women (n = 47).

Characteristic All (n = 47)
Intervention 

(n = 30)
Control 
(n = 17)

Women 
Age, years [median (range)] 28 (18–44) 29 (18–44) 25 (18–42)
Education, years [median (range)] 3 (0–9) 3 (0–9) 5 (0–9)
Occupation [n (%)]

Housewife only 35 (74) 21 (69) 14 (78)
Housewife and another occupation

Craftswoman 4 (9) 3 (10) 1 (6)
Seamstress 5 (11) 4 (14) 1 (6)
Trader 3 (6) 2 (7) 1 (6)

Received money from relatives in the USA [n (%)] 5 (10) 2 (7) 3 (17)
Household 
Persons per household [median (range)] 6 (3–11) 6 (3–11) 6 (4–10)
Crowding index, persons/room [median (range)] 1.3 (0.4–2.3) 1.3 (0.5–2.3) 1.3 (0.4–2.3)
Family eats in the same area where the woman cooks [n (%)] 42 (89) 27 (93) 15 (83)
Kitchen is separated from the rest of the house [n (%)] 46 (98) 29 (100) 17 (94)
No. of windows and open spaces between wall and roof in 

kitchen [n (%)]
0 14 (30) 7 (28) 5 (33)
1 10 (21) 5 (20) 4 (27)
2 10 (21) 7 (28) 2 (13)
≥ 3 13 (28) 6 (24) 4 (27)

Kitchen roof type [n (%)]
Corrugated metal 45 (96) 28 (93) 17 (100)
Tile 2 (4) 2 (7) 0 (0)

Kitchen floor type [n (%)]
Dirt 31 (66) 21 (70) 10 (59)
Concrete 16 (34) 9 (30) 7 (41)

Kitchen volume (assuming a cubic form), m3 [median (range)] 46 (17–100) 48 (17–100) 41 (23–64)
Cooking practice 
Wood fuel type [n (%)]

Mainly oak 24 (51) 18 (60) 7 (39)
Mainly pine 1 (2) 1 (3) 0 (0)
Combined oak and pine 22 (47) 11 (37) 11 (61)

Time spent, hours [median (range)]
In the kitchen 4.3 (1.4–8.0) 4.5 (2.1–8.0) 4.1 (1.4–7.0)
Preparing tortillas 1.0 (0.3–3.0) 1.0 (0.3–3.0) 1.0 (0.3–2.0)
Preparing meals 2.0 (0.3–3.3) 2.0 (0.3–3.3) 1.6 (0.5–3.3)
Frying food 1.0 (0.2–3.3) 1.0 (0.2–3.3) 1.1 (0.3–2.3)

Table 2. Personal exposure to CO concentrations for pre- and post intervention stages.

Percentile of distribution Percent median 
reduction

CO personal exposure Stage 5th 25th 50th 75th 90th 95th (p-value)a

Average of continuous sampler, 
ppm (n = 47)

Pre 1 3 4 6 9 10 75 (< 0.001)
Post 0 0 1 2 4 5

Maximum of continuous sampler, 
ppm (n = 47)

Pre 14 19 29 38 65 81 28 (0.056)
Post 1 10 21 32 65 89

Passive sampler, ppm-hr (n = 30) Pre 1 2 3 5 6 10 66 (0.024)
Post 0 1 1 4 5 6

ap-Value for Wilcoxon matched-pairs signed rank test. 
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the upper end of the distribution (50% reduc-
tion at the 95th percentile). Post intervention 
CO exposures based on personal passive 
samplers indicated a 66% reduction in the 
average median concentration. The correla-
tion between continuous and passive average 
personal CO exposures was higher for the 
pre intervention stage (Spearman rho = 0.57; 
p < 0.01) than for the post intervention stage 
(Spearman rho = 0.42; p = 0.02). The pre-
intervention samples presented a broader range 
of CO concentrations than did samples from 
the post intervention stage.

PAH urinary biomarkers. The World 
Health Organization (1996) recommends 
that creatinine concentration in the range 
of 30–300 mg/dL be considered a represen-
tative sample, that is, not too dilute or too 
concentrated. In our case, the creatinine con-
centrations ranged from 36 to 304 mg/dL,  
and we included all samples in the statistical 
evaluation of the data. We estimated para-
metric statistics for 10 analytes for which 
the frequency of detection was ≥ 60% (Barr 
et al. 2004), including metabo lites of naph-
thalene, fluorene, phenanthrene, and pyrene 
[for creatinine-adjusted concentrations, see 
Table 3; for whole-weight concentrations, 
see Supplemental Material, Table 1 (http://
dx.doi.org/10.1289/ehp.1002927)]. Nine uri-
nary metabolites of high-molecular-weight 
PAHs (benzo[c]phenanthrene, benz[a]anthra-
cene, chrysene, and benzo[a]pyrene) had a 
low detection frequency (0–23%) and were 
excluded from further statistical analysis.

OH-PAHs measured during the post-
intervention stage were significantly lower 
than those from the pre intervention stage. 

Reductions in whole-weight concentrations 
ranged from 33% for 9-hydroxyfluorene 
(9-FLUO) to 57% for 1-hydroxynaphthalene 
(1-NAP), with a 42% total reduction for the 
sum of 10 metabolites [see Supplemental 
Material, Table 1 (http://dx.doi.org/10.1289/
ehp.1002927)]. For creatinine-adjusted con-
centrations, reductions ranged from 20% 
(non significant difference) for 9-FLUO to 
48% for 1-NAP, with a 34% total reduction 
for the sum of 10 metabolites (Table 3).

CO measurements were associated with 
urinary PAHs metabolites at different indoor 
air pollution levels (Figure 1, Table 4). In 
general, we found a weak association between 
urinary PAH metabolites and CO personal 
exposures during the pre intervention stage 
(more polluted conditions), whereas a stron-
ger, and in many cases significant, association 
was found during post intervention measure-
ments (less polluted conditions). Correlations 
between urinary PAH metabolites and per-
sonal CO exposures measured using passive 
samplers were weaker than those obtained 
with continuous personal CO exposures.

Discussion
The introduction of an improved biomass 
stove significantly reduced personal exposures 
to CO and PAHs measured as the urinary 
metabolites of several parent compounds. 
Associations between CO and two- to four-
ringed PAHs varied in our study population. 
We observed stronger associations between 
CO exposures and PAH biomarker levels in 
post intervention rela tive to pre intervention 
measurements. These results could be due 
to different combustion conditions and 

efficiency, which are highly variable for open 
fires. Conversely, with the Patsari stove, which 
was optimized in its design for more efficient 
combustion, we observed less variable com-
bustion conditions. Particle size distribution 
in emissions has been shown to differ between 
Patsari stoves and open fires (Armendáriz-
Arnez et al. 2010).

CO personal exposures showed significant 
reductions after the improved stove was intro-
duced. The median for personal CO continu-
ous measurements (4 ppm for open fire and 
1 ppm for Patsari) resemble results from other 
studies performed in simi lar settings. A study 
carried out on another sub sample of our inter-
vention study population in Michoacán, in 
the community of Comachuén, showed mean 
kitchen CO concentrations of 2.3 ppm while 
using an open fire, and 0.5 ppm while using 
a Patsari stove, based on measurements made 
using a semi continuous electro chemical CO 
sensor (HOBO monitor; Onset Corporation 
Inc., Bourne, MA, USA) (Armendáriz-Arnez 
et al. 2008). A similar study performed in 
Guatemala, also using the HOBO CO moni-
tor, reported mean CO kitchen concentrations 
of 3.2 ppm when an open fire was in use and 
0.8 ppm after an improved stove (Plancha) 
was installed (Clark et al. 2007).

Our findings for personal CO measured 
using a passive sampler (median, 3 ppm for 
open fire, and 1 ppm for Patsari) also resem-
ble mean personal passive CO concentrations 
reported for women in the Guatemala study: 
2.8 ppm for open fire and 1.4 ppm for the 
improved Plancha stove (Smith et al. 2010). 
All the results show significant reductions in 
CO exposures of a similar magnitude after the 
introduction of improved stoves.

The CO tubes are an easy-to-use, well-
accepted, and accessible method for conduct-
ing personal exposure measurements, but they 
are not precision devices. Reading the length 
of stain is the single largest source of error 
associated with these samplers. The National 
Institute for Occupational Safety and Health 
evaluated different detector tubes and found 
that the accuracy of the measure ments of 
many of them was 25–35% of the actual 
value (Harper 2001).

The complexity of a quantitative assess-
ment of PAH exposures is related to the large 
number of individual compounds in a given 
mixture and by the presence of PAHs in 
both the gaseous and the particulate phases. 
The composition of emitted PAH mixtures 
depends on factors such as the type of fuel 
and its properties and the combustion tech-
nology (Bostrom et al. 2002). Comprehensive 
biomarker monitoring is necessary to charac-
terize composition of the PAH mixture emit-
ted from a biomass combustion process using 
either an open fire or an improved biomass 
stove. Data for such emission sources are 

Table 3. Urinary OH-PAH biomarkers for pre- and post intervention stages (n = 47).

GM (95% CI), 
μg/g creatinine

Percentile of distribution
Percent median 

reduction
Metabolite Stage 50th 75th 90th 95th (p-value)a

1-Hydroxypyrene (1-PYR) Pre 3.18 (2.63–3.85) 3.51 4.94 5.93 6.83 36 (0.001)
Post 2.03 (1.62–2.53) 2.37 3.37 4.38 5.14

1-Hydroxynaphthalene (1-NAP) Pre 19.3 (15.9–23.4) 20.1 33.3 41.8 46.4 48 (0.002)
Post 10.0 (7.36–13.6) 14.4 20.9 29.8 35.2

2-Hydroxynaphthalene (2-NAP) Pre 14.9 (13.2–16.8) 15.9 19.6 24.2 26.4 31 (< 0.001)
Post 10.3 (8.74–12.2) 10.8 14.9 20.0 24.1

2-Hydroxyfluorene (2-FLUO) Pre 2.67 (2.37–3.01) 2.69 3.51 4.43 4.96 23 (0.029)
Post 2.06 (1.74–2.44) 2.21 3.03 3.86 4.49

3-Hydroxyfluorene (3-FLUO) Pre 1.19 (1.03–1.38) 1.33 1.73 2.05 2.36 36 (< 0.001)
Post 0.762 (0.631–0.920) 0.834 1.18 1.51 1.81

9-Hydroxyfluorene (9-FLUO) Pre 3.79 (3.35–4.29) 3.89 4.94 6.58 6.73 20 (0.063)
Post 3.02 (2.53- 3.60) 3.22 4.47 5.96 7.37

1-Hydroxyphenanthrene (1-PHEN) Pre 2.50 (2.13–2.94) 2.53 3.30 5.56 6.96 28 (0.030)
Post 1.81 (1.45–2.24) 2.28 2.69 3.89 4.10

2-Hydroxyphenanthrene (2-PHEN) Pre 1.23 (1.06–1.42) 1.18 1.59 2.22 2.49 20 (0.182)
Post 0.984 (0.819–1.18) 1.13 1.51 2.04 2.26

3-Hydroxyphenanthrene (3-PHEN) Pre 1.48 (1.25–1.74) 1.44 2.29 2.71 3.19 30 (0.003)
Post 1.03 (0.857–1.24) 1.16 1.49 2.11 2.27

4-Hydroxyphenanthrene (4-PHEN) Pre 0.491 (0.422–0.573) 0.459 0.677 0.844 0.998 30 (0.020)
Post 0.346 (0.287–0.418) 0.368 0.517 0.713 0.910

Sum of 10 OH-PAH metabolites Pre 52.5 (45.5–60.6) 56.9 75.6 91.8 108 34 (0.001)
Post 34.6 (28.5–41.9) 37.5 50.1 67.0 89.3

CI, confidence interval. 
ap-Value for Wilcoxon matched-pairs signed rank test. 
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scarce, and as shown here, the median reduc-
tion after an intervention is variable for differ-
ent PAH metabolites.

Although four- to six-ring particulate-
phase PAHs, notably benzo[a]pyrene, have 
been classified as known or probable human 
carcinogens, their concentrations in air tend 
to be low and difficult to measure (Sobus 
et al. 2009), and their metabolites are dif-
ficult to detect in urine samples (Toriba and 
Hayakawa 2007). Consistent with this, in the 
present study we did not measure detectable 
levels of high-molecular-weight PAH metabo-
lites (benzo[c]phenanthrene, benz[a]anthra-
cene, chrysene, and benzo[a]pyrene). 

Generally, it is difficult to assess a carcino-
genic threshold from urinary metabolites. 

Pyrene is not classified as a carcinogen, but 
it is present in the mixtures of PAHs formed 
during incomplete combustion (IARC 2010). 
The urinary metabolite 1-PYR has been 
widely used as a representative biomarker of 
PAH exposures. However, a variety of fac-
tors can influence the PAH mixture composi-
tion and benzo[a]pyrene:pyrene ratio; hence, 
a health-based exposure limit has not been 
determined (Jongeneelen 2004).

It was not possible to directly analyze 
PAH exposure routes in this study because 
we did not measure PAHs in air or food. 
However, there are no other important expo-
sure sources of PAH exposure in ambient 
air for this study population, and we found 
no significant associations between PAH 

metabolites and the consumption of coffee 
or smoked and grilled meat and fish based on 
the dietary  questionnaire.

Urinary 1-PYR has been established as a 
biomarker to evaluate PAH exposures (CDC 
2005) because pyrene is normally abundant 
in PAH mixtures. Exposures occur via the 
diet, polluted air, and cigarette smoke, as well 
as in some occupational settings (Hecht 2002; 
Jongeneelen 2001; Toriba and Hayakawa 
2007). 

In the present study, even after the inter-
vention, the urinary level for 1-PYR [GM, 
2,025 ng/g creatinine; 95% confidence inter-
val (CI), 1,621–2,528] was nine times higher 
than the concentration at the 95th percen-
tile for females in the National Health and 
Nutrition Examination Survey (218 ng/g 
creatinine; 95% CI, 199–247) (CDC 2005). 
In a study carried out in rural Mexico, Torres-
Dosal et al. (2008) evaluated a three-stage 
risk reduction program that included remov-
ing indoor soot adhered to roofs and inter-
nal walls, paving dirt floors, and introducing 
an improved wood stove with a chimney 
that vented smoke outside of the kitchen. 
In general, the introduction of an improved 
stove helps to reduce the soot deposits on 
cooking utensils and on the walls and ceil-
ing of the kitchen, which also is a source of 
PAH exposure. The findings of Torres-Dosal 
et al. (2008) for urinary 1-PYR concentra-
tions before and after the program (6.7 and 
4.8 μmol/mol creatinine, equivalent to 
13.0 and 9.3 μg/g creatinine, respectively) 
were much higher than our results pre-
sented here. In another study, Toriba and 
Hayakawa (2007) reported concentrations 
of urinary OH-PAHs for non smoking taxi 
drivers, traffic police officers, and rural vil-
lagers in Thailand. They found higher uri-
nary concentrations of these metabo lites in 
rural villagers, with mean concentrations 
of 1-PYR (1.2 μmol/mol creatinine, corre-
sponding to 2.3 μg/g creatinine) that were 
similar to the levels in our study population. 
High urinary levels found for rural villagers 
were thought to be mainly associated with 
atmospheric PAHs emitted by open burn-
ing practices for agricultural purposes and 
with biomass (wood and charcoal) burning 
for cooking. Hecht (2002) reviewed stud-
ies reporting urinary 1-PYR levels for smok-
ers in some European countries (mean levels 

Figure 1. Relationship between urinary OH-PAH biomarkers [1-NAP (A,B), 1-PYR (C,D), and 3-PHEN (E,F)] and 
CO personal exposure measured by average continuous CO sampler (A,C,E) or passive CO sampler (B,D,F). 
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Table 4. Spearman correlations for PAH urinary biomarkers (μg/g creatinine) and personal CO measures for pre- and post intervention stages (n = 47).

CO personal exposure 1-PYR 1-NAP 2-NAP 2-FLUO 3-FLUO 9-FLUO 1-PHEN 2-PHEN 3-PHEN 4-PHEN
Open fire

Average continuous sampler 0.10 (0.509) 0.21 (0.163) 0.27 (0.070) 0.11 (0.481) 0.04 (0.768) –0.10 (0.511) 0.04 (0.815) 0.04 (0.780) –0.03 (0.838) –0.13 (0.386)
Passive sampler 0.17 (0.392) 0.12 (0.535) 0.18 (0.347) 0.21 (0.285) 0.21 (0.280) –0.30 (0.113) 0.24 (0.218) 0.02 (0.905) 0.03 (0.891) 0.02 (0.899)

Patsari stove
Average continuous sampler 0.29 (0.067) 0.54 (< 0.001) 0.40 (0.009) 0.49 (0.001) 0.44 (0.004) 0.17 (0.279) 0.30 (0.059) 0.38 (0.013) 0.37 (0.017) 0.28 (0.078)
Passive sampler 0.31 (0.096) 0.39 (0.037) 0.37 (0.046) 0.45 (0.012) 0.42 (0.020) 0.28 (0.136) 0.32 (0.093) 0.39 (0.033) 0.38 (0.040) 0.37 (0.048)

p-Values for Spearman rho are shown in parentheses. 
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< 1.0 μmol/mol creatinine, corresponding to 
1.9 μg/g creatinine). Our results for rural 
women in the post intervention stage were on 
average higher than those reported in these 
studies for  smokers.

Recently, attention has focused upon 
the more abundant gas-phase PAHs, nota-
bly naphthalene (two rings) and phenan-
threne (three rings), as possible surrogates for 
PAH exposures (Sobus et al. 2009; Toriba 
and Hayakawa 2007). Generally, naphtha-
lene, phenanthrene, and fluorene are the 
most abundant PAHs in the gaseous phase. 
Naphthalene has been classified as possibly 
carcinogenic to humans (group 2B), in con-
trast with phenanthrene and fluorene, which 
are not classifiable for carcino genicity to 
humans (group 3) (IARC 2002, 2010). In 
the present study, we found the highest urine 
PAH metabo lite concentrations for naphtha-
lene metabolites, urinary 1-NAP and 2-NAP. 
In addition, we observed the largest percent-
age of reduction after the intervention for 
1-NAP (57% for fresh weight, and 48% for 
creatinine-adjusted concentrations). After the 
Patsari stove intervention, the GMs for both 
naphthalene metabolites were between the 
75th and the 90th percentile for the U.S. gen-
eral female population (CDC 2005; Li et al. 
2008). Toriba and Hayakawa (2007) reported 
that urinary naphthalene metabolites were 
higher among rural villagers than among taxi 
drivers and traffic police officers in Thailand 
(7.6 and 12.1 μmol/mol creatinine, corre-
sponding to 9.7 and 15.5 μg/g creatinine 
for 1-NAP and 2-NAP, respectively). Our 
results for rural women were similar to those 
reported for rural villagers but higher than 
urinary 2-NAP levels reported for smokers 
in Korea (3.9 μmol/mol, corresponding to 
5.0 μg/g creatinine) (Hecht 2002).

The post intervention GM for 2-hy-
droxyfluorene (2-FLUO) was similar to the 
95th percentile reported for U.S. women 
(1,890 ng/g creatinine; 95% CI, 1,590–2,290), 
and 3-hydroxy fluorene (3-FLUO) levels were 
between the 90th (777 ng/g creatinine; 95% 
CI, 604–888) and 95th (1,030 ng/g creati-
nine; 95% CI, 923–1,270) percentiles for the 
U.S. general female population (CDC 2005).

The concentration of phenanthrene metab-
olites [1-hydroxyphenanthrene (1-PHEN), 
186 ng/L; 2-PHEN, 164 ng/L; 3-PHEN, 
162 ng/L] were much lower in firefight-
ers responding to the World Trade Center 
fires and collapse (Edelman et al. 2003) 
than the concentrations in our study popu-
lation, even in the post intervention phase. 
Urinary 3-PHEN levels reported for smok-
ers in Germany (473 ng/g creatinine) (Hecht 
2002) were also lower than those reported 
for the women participating in this study. 
Post intervention GMs for urinary phenan-
threne metabolites were higher than the 95th 

percentile for the U.S. general female popula-
tion (GMs, 1-PHEN, 473 ng/g creatinine; 
2-PHEN, 213 ng/g creatinine; 3-PHEN, 
410 ng/g creatinine; 4-PHEN, 418 ng/g crea-
tinine) (CDC 2005).

Conclusion
Our results show that the improved Patsari 
stove significantly decreases CO and PAH 
exposures. However, our results do not indi-
cate that personal CO measurement is a good 
surrogate for measuring PAH exposure, par-
ticularly in high-pollution conditions. The 
reductions in CO exposure we observed fol-
lowing the Patsari intervention were similar to 
exposure reductions reported for other cook-
stove intervention studies in similar popula-
tions. The CO passive sampler (color stain 
tube) is an easy-to-use and accessible indicator 
of personal CO and biomass smoke exposure 
but is not effective in determining specific 
constituents of biomass smoke such as PAHs. 
Even after the intervention, the levels of many 
PAH biomarkers were above those reported 
among smokers and in some occupationally 
exposed populations (e.g., taxi drivers, fire-
fighters). Evidence of high post intervention 
levels of PAH metabolites suggests that 
inhabi tants of this region are exposed to high 
levels of biomass burning emissions, even after 
improved stoves are installed in their homes. 
This may be due in part to frequent thermal 
inversions in the morning hours in this geo-
graphic area, which trap wood smoke until 
the sun heats up the lower atmosphere and 
the inversion is broken. Second, the Patsari 
stove has a flue that vents smoke outside the 
kitchen, and the indoor air concentrations 
may reflect fugitive emissions that reenter 
homes from outdoors. Actually, in a study 
conducted in this region to assess the impact 
of improved wood-burning stoves on PM2.5, 
Zuk et al. (2007) found similar PM2.5 levels 
in the patio before and after the Patsari stoves 
were installed (Wilcoxon’s test, p ~ 0.53). 

More research is needed to advance the 
development of combustion-efficient improved 
wood stoves and further reduce pollutant 
emissions. Also, the long-term success and full 
adoption of intervention programs depend on 
the active participation of women from the 
communities, who represent the most affected 
population group and are most likely to bene-
fit from improved wood stoves.
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